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Single-stranded nucleic acids, which carry multiple negative
charges in an aqueous medium at near neutral pH, are found to
induce the aggregation and self-assembly of the positively charged
alkynylplatinum(II) terpyridyl complexes via electrostatic binding
of the platinum complexes to the single-stranded nucleic acids, as
revealed by the appearance of newUV-vis absorption and emission
bands upon addition of single-stranded nucleic acids to a buffer
solution of the complex. Changes in the intensity and pattern of
circular dichroism (CD) spectroscopy are also observed, many of
which are consistent with the assembly of the platinum complexes
into helical structures, via metalmetal and  stacking interac-
tions. The induced spectroscopic property changes are found to
depend on the structural properties of the nucleic acids.
helicity  noncovalent interactions  platinum complex
Nucleic acids are, in a sense, the most fundamental andimportant class of biomolecules in a living cell. Detection of
nucleic acids, analysis of their sequence, structure, and the
corresponding properties, as well as their self-replication, inter-
actions with regulation factors, and the details of transcription
and translation are among the major foci of numerous biochem-
ical and biophysical research works (1, 2). Single-stranded
nucleic acid sensing and characterization are therefore of great
importance, which not only can help us to understand how the
cell functions and to assist biological research, but also facilitate
the development of new tools for disease diagnosis and treat-
ment and new drug developments.
It has been known for many years that many of the square
planar metal complexes arrange themselves into highly ordered
extended linear chain or oligomeric structures in the solid state.
Depending on the extent of the metalmetal and the ligand 
stacking interactions, different colors could be observed (3, 4).
Square planar platinum(II) complexes belong to a particularly
interesting class of this type of complexes, as a result of their rich
spectroscopic and luminescence properties revealed during the
past few decades (3–16).
Recently, we have synthesized a number of platinum(II)
polypyridyl alkynyl complexes that show interesting spectro-
scopic and luminescence properties (17–21). One particularly
interesting observation is that solvents of different polarity and
also polyacrylate could induce the aggregation of the positively
charged platinum complexes in organic solvent mixtures (19, 21).
As a result, remarkable spectroscopic property changes were
observed. Because single-stranded nucleic acids carry multiple
negatively charged phosphate functional groups, they are polya-
nions. It is therefore reasonable to envisage that single-stranded
nucleic acids may have the possibility to induce the self-assembly
of the square planar platinum(II) complexes in an aqueous
environment. Here, we describe the synthesis and characteriza-
tion of a water-soluble platinum(II) terpyridyl alkynyl complex,
[Pt(tpy)C'CC'CCH2OH]OTf (1) (Fig. 1), and its spectro-
scopic properties in the presence and absence of single-stranded
nucleic acids. The interaction of single-stranded nucleic acids
with a related [Pt(tpy)C'CC'CH]OTf (2) has also been
explored by using UV-vis, emission, and circular dichroism (CD)
spectroscopy.
Results and Discussion
Two metal complexes are used in the present investigation,
namely complexes 1 and 2 (Fig. 1). Both metal complexes have
certain properties that render them especially suitable for the
self-assembly studies described in the present work. Both of them
are square planar in geometry and contain a d8 platinum(II)
center that is capable of participating in metalmetal interac-
tions. They also contain an aromatic terpyridine ligand that can
interact with each other by  stacking interactions.
Complex 2 is found to have rather limited solubility in aqueous
media. Nevertheless, at dilute concentrations (30 M), 2
completely dissolves in water to give a clear solution. To reduce
the possible nonspecific hydrophobic interactions with the nu-
cleic acid base, and also to improve the complex solubility in
water, a hydroxymethyl group is introduced at the butadiynyl end
to give complex 1 (Fig. 1). Solutions of 1 in water could be readily
prepared, with concentrations of 0.45 mM readily achieved.
A concentration-dependent UV-vis absorption study shows
that Beer’s law is not obeyed at wavelength285 nm at complex
concentrations higher than 15 M for complex 1, suggesting
the formation of dimer or oligomer under these conditions (7, 8,
12, 16). A new absorption shoulder at 520–530 nm, which
becomes more obvious in an aqueous medium of higher ionic
strength (10 mM TrisHCl/50 mM NaCl, pH 7.5), has been
observed with increasing complex concentration and is ascribed
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Fig. 1. Structure of the platinum(II) complexes.
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to a metal-metal-to-ligand charge transfer (MMLCT) transition.
Electrospray-ionization mass spectrometry (ESI-MS) experi-
ments show the presence of the monomer, dimer, and trimer at
high concentrations of complex 1. (Higher oligomers could not
be observed in the ESI-MS experiments because their m/z values
are beyond the detection range of our instrument.) In addition,
a very weak emission band at 800 nm also starts to appear at
15 M complex concentration, and its intensity becomes
stronger with increasing complex concentrations, probably as-
cribed to an excited state of a triplet metal-metal-to-ligand
charge transfer (3MMLCT) origin based on previous studies on
related systems (17–21). Nevertheless, at a 30 M complex
concentration, which is used throughout the current investiga-
tion, the 800 nm background emission bands are very weak and
just barely recognizable for both complexes.
Fig. 2 Upper shows the UV-vis absorption spectra of com-
plexes 1 and 2, and the corresponding spectral changes when
mixed with various oligonucleotides, namely poly(dT)25,
poly(dC)25, poly(dG)25, and poly(dA)25, respectively. In an aque-
ous solution with constant pH and ionic strength (5 mM
TrisHCl/10 mM NaCl, pH 7.5) at ambient temperature, remark-
able absorption changes are observed. Depending on the se-
quence of the oligonucleotide, the absorption changes vary quite
significantly. Whereas, for poly(dT)25, new bands form at 544
nm and 581 nm for complexes 1 and 2, respectively, no new band
formation occurs and only weak absorbance changes are ob-
served for poly(dA)25. For poly(dC)25 and poly(dG)25, new band
formations for complexes 1 and 2 with moderate intensity are
observed.
We also observe that concomitant with the remarkable UV-
vis absorption changes, for poly(dT)25, poly(dC)25, and
poly(dG)25, upon mixing of the platinum(II) complexes and the
oligonucleotides together, new emission bands at 800 nm
appear.
Fig. 2 Lower shows the emission spectra of complexes 1 and 2,
and the corresponding spectral changes of their mixtures with
various oligonucleotides, respectively. At a 30Mconcentration,
the complexes alone are barely emissive, whereas significant
emission spectral changes for the various metal complex–
oligonucleotide mixtures are observed. Depending on the se-
quence of the oligonucleotide, the intensity changes vary quite
significantly. For poly(dT)25, new intense emission bands are
observed at 760 nm and 782 nm for the mixtures with com-
plexes 1 and 2, respectively. In contrast, very broad emission
bands with no clear band maximum are observed for mixtures of
complexes 1 and 2 with poly(dA)25; the emission intensity is
moderate for complex 1 and particularly weak for complex 2. For
the mixtures of complexes 1 and 2 with poly(dC)25 and
poly(dG)25, new emission bands with bandmaximum at800 nm
and of moderate intensity are observed for both complexes.
On the basis of our previous work (17–21) and other related
studies (3–16), the newly formed UV-vis bands of complexes 1
and 2 at longer wavelength are assigned as MMLCT transitions,
as a result of the self-assembly of the complexes induced by the
oligonucleotides through metalmetal and  interactions.
The newly formed emission bands are attributed to MMLCT
triplet emission. The induced self-assembly of the complex in an
aqueous solution could likely be interpreted based on the
structural properties of the complex and the nucleic acid. The
structure of the complex is planar and it carries a positive charge.
Nucleic acid on the other hand at near neutral pH carries
multiple negative charges. Electrostatic interactions between the
positive and negative charge bring the complex and the nucleic
acid molecule into close proximity, i.e., binding of the complex
molecules to the nucleic acid. As a result, the local concentration
of the complex is increased. Equally important, the positive
charge carried on the complex molecule is balanced out by the
negative charge on the biopolymer, and hence the electrostatic
repulsive force between the complex molecules is largely re-
Fig. 3. CD spectra. (I) 90Mof poly(dT)25 (line a), and its bindingwith 30M
of complexes 1 and 2 (lines b and c, respectively). (II) 90 M of poly(dC)25 (line
a), and its binding with 30 and 45 M of complex 1, and 30 M of complex 2
(lines b, c, and d, respectively). (III) 90Mof poly(dA)25 (line a), and its binding
with 30 and 60 M of complex 1, and 30 M of complex 2 (lines b, c, and d,
respectively). (Inset) Spectrum equals line b minus line a. (IV) 90 M of
poly(dG)25 (linea), and its bindingwith30Mof complexes1and2 (linesband
c, respectively). Medium used was 5 mM TrisHCl/10 mM NaCl, pH 7.5.
Fig. 2. UV-vis and emission spectra. (Upper) UV-vis absorption spectra of 30
M of complexes 1 (Left) and 2 (Right) (line a), and their binding to 90 M
(base concentration) of poly(dA)25 (line b), poly(dC)25 (line c), poly(dG)25 (line
d), andpoly(dT)25 (linee), respectively.Mediumusedwas5mMTrisHCl/10mM
NaCl, pH 7.5. (Lower) Emission spectra of 30 M of complexes 1 (Left) and 2
(Right) (line a), and their binding to 90 M of poly(dA)25 (line b), poly(dC)25
(line c), poly(dG)25 (line d), and poly(dT)25 (line e), respectively. Medium used
was 5 mM TrisHCl/10 mM NaCl, pH 7.5. Spectra were not corrected for PMT
response.






moved. The complex could therefore easily self-assemble via
metalmetal and  interactions.
Fig. 3 shows the CD spectra of the four oligonucleotides
studied and the corresponding spectral changes upon mixing
with complexes 1 and 2, respectively. The results clearly show
that different oligonucleotide–metal complex mixtures give dra-
matically different CD spectra. When complex 1 is mixed with
poly(dT)25, a very broad negative band spanning from 305 to
550 nm of moderate intensity, a positive band between 258
and 305 nm of moderate intensity, and a very strong positive
band between 190 and 258 nm are observed (Fig. 3I). In sharp
contrast, when complex 1 is mixed with poly(dC)25, especially at
a higher complex concentration, a CD spectrum that shows a
mirror image relationship with respect to that with poly(dT)25 is
observed (Fig. 3II).
The mixture of complex 1 with poly(dA)25 shows compara-
tively smaller CD spectral changes. However, the spectra, espe-
cially with a higher complex concentration (60 M, Fig. 3III,
curve c), look quite similar in shape to the CD spectra of the
mixture of complex 1 with poly(dC)25. If the CD signal of
poly(dA)25 is subtracted from the total CD spectrum, the general
similarity becomes more evident (Fig. 3III Inset).
It is observed that for the solution mixtures of poly(dT)25,
poly(dC)25, and poly(dA)25 with complex 1, an increase in the
complex concentration from 30 to 45 M and 60 M while
keeping the oligonucleotide concentration unchanged (90 M,
base concentration) would give rise to a significant CD intensity
enhancement, whereas the general shape of the CD spectra
remains essentially unchanged (for example Fig. 3 II and III,
curve c). A decrease in the complex concentration or an increase
in the oligonucleotide concentration leads to decreased CD
intensity, with the shape of the CD spectra again remains
unchanged.
The CD signals of complex 2 when mixed with poly(dT)25 and
poly(dA)25 are weaker than that of complex 1. However, their
general shape is also similar to the CD spectrum of the mixture
of complex 1 and poly(dC)25. Complex 2, when mixed with
poly(dC)25, gives very small CD changes. It is interesting to note
that neither complex 1 nor complex 2, when mixed with
poly(dG)25, gives rise to any significant CD changes. In fact,
there are almost no CD changes at all (Fig. 3IV), and very small
CD spectral changes are observed even when the concentration
of complex 1 is doubled.
The strong CD changes observed in the mixtures of metal
complexes and oligonucleotides are believed to mainly originate
from electronic transitions characteristic of themetal complexes.
The induced CD signals at wavelengths beyond 300 nm are
ascribed to that of the platinum complexes because nucleic acids
do not show significant absorption in this region (22, 23),
whereas complexes 1 and 2 show intense absorptions in the
visible region. Even at wavelengths between 190 and 300 nm,
where the nucleic acids absorb strongly, the strong induced CD
signal changes are believed to mainly originate from electronic
transitions of the metal complexes. This could be supported
based on the following grounds. The maximum and minimum 
values (24, 25) for poly(dT) alone (in the range of6 to4, unit
M1 cm1), poly(dA)poly(dT) duplex (in the range of 20 to
10), and poly(dA) (in the range of 16 to 22) are too small
to account for the strong CD signals induced [calculated max-
imum or minimum  values for complex 1 mixed with
poly(dT)25 (Fig. 3I, curve b) and poly(dA)25 (Fig. 3III, curve b)
are 246 and68 M1 cm1, respectively, assuming they are from
the nucleic acids].† Moreover, the general shape, position, and
intensity of the positive and negative bands of the CD spectra of
the oligonucleotides, poly(dT)25, poly(dC)25, and poly(dA)25, are
quite different from each other, and do not match with the CD
of the oligo-complex mixtures. Finally, the intensity dependence
of the induced CD on the concentration of the metal complexes
and oligonucleotides also suggests that the induced CD signals
are associated with the metal complexes.
Further support comes from an independent study with
poly(amino acids). When complex 1 is mixed with poly(L-
glutamate) or poly(L-aspartate), UV-vis and emission studies
show very good induced complex aggregation, as revealed from
the appearance of the MMLCT absorption band at550 nm and
MMLCT emission band at 798 nm, and in addition, large
induced CD signals are observed (Fig. 4) [poly(L-glutamate) and
poly(L-aspartate) alone give only very weak CD signals, data not
shown]. When complex 1 is mixed with poly(D-glutamate), the
induced CD spectrum is found to be quite similar in shape to that
of poly(L-aspartate), and is the exact mirror image of the CD
obtained with poly(L-glutamate). More importantly, the general
shape of the CD spectra matches quite well with that obtained
with the oligonucleotides. Therefore, the results clearly suggest
that the induced CD changes are primarily coming from elec-
tronic transitions of the metal complexes.
Because the large induced CD signals are primarily contrib-
uted from the metal complexes, and the complexes are achiral
molecules that exhibit no intrinsic CD, the results further
confirm the binding of the complexes to the nucleic acids.
An achiral molecule may acquire chirality in two different
ways: (i) to bring the achiral molecule into close proximity to a
chiral center, in other words, to bring an achiral chromophore
into a chiral environment (e.g., phenol binding to cyclodextrin);
or (ii) the achiral molecule may be arranged into a helical
structure and thus acquire chirality (22, 23). Nucleic acids are
well known to be inherently chiral because they contain a chiral
sugar moiety. However, our results clearly show that the binding
of the complexes to the nucleic acids does not always induce
chirality. For example, neither the binding of complex 1 nor
complex 2 to poly(dG)25 gives any CD spectral changes, and the
binding of complex 2 to poly(dC)25 also gives rise to very small
CD spectral changes. The results thus suggest that the chirality
induced is not a simple consequence of bringing the platinum
complexes close to the vicinity of the chiral nucleic acid, but
rather more likely to be associated with the helical assembly of
the platinum complexes upon binding to the anionic phosphate
sites, induced by the propensity of these square-planar d8
platinum(II) terpyridyl units to stack via metalmetal and 
interactions. Supports for the helical supramolecular assembly of
the complexes could be reflected by the mirror image relation-
ship of the CD spectra obtained in the presence of poly(L-
†Assuming that the strong induced CD signals are from the metal complex, the calculated
maximum andminimum  values for poly(dT)25 mixed with complex 1would be 739 and
50 M1 cm1, respectively.
Fig. 4. CD spectra of 30 M of complex 1 binding to 90 M (carboxylate
concentration) of poly(L-aspartate) (line a) and poly(L-glutamate) (line b),
respectively. Medium used was 5 mM TrisHCl/10 mM NaCl, pH 7.5.
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glutamate) and poly(D-glutamate) (see above) and their simi-
larities to the CD spectra in the presence of various
oligonucleotides, which could also have different helix handed-
ness. The results thus suggest that the metal complex cations
upon binding to the oligonucleotides would self-assemble into a
helical supramolecular assembly of different handedness. The
magnitude of the induced CD intensity is also in the same range
as other related helical systems (26, 27).
The differences observed in the new band formation, intensity
variations of the UV-vis, emission, and CD spectra, and the
preferred handedness of the helical self-assembly of the metal
complex cations in the presence of the four different DNA
homopolymers, namely poly(dT)25, poly(dC)25, poly(dA)25, and
poly(dG)25, are apparently associated with the structural prop-
erties of the complexes, and more importantly, the primary and
secondary structures of the oligonucleotides.
For poly(dT)25, with which both complexes 1 and 2 show
strong aggregation properties as revealed by the formation of the
strong MMLCT bands in both the UV-vis and the emission
spectra, the CD signal induced is suggestive of the self-assembly
of the metal complexes into a helical array. On the other hand,
poly(dA)25, which gives much less pronounced UV-vis and
emission spectral changes, with a very broad structureless emis-
sion spanning in the range of 500–850 nm, shows only a relatively
small enhancement in the CD signal upon metal complex
binding. Because poly(dT)25 and poly(dA)25 carry the same
number of negative charges, there is no obvious reason to assume
that the positively charged complex cations would interact
electrostatically with poly(dA)25 in a much weaker fashion than
that with poly(dT)25. The very broad emission is likely to be a
mixture of MMLCT triplet emission which is a result of complex
aggregation (at 800 nm) and complex monomer emission
(17–21). Because poly(dA) has been shown to assume a helical
structure (right-handed) stabilized through adenine base stack-
ing interactions (25, 28, 29), it is likely that the hydrophobic
interactions between the relatively hydrophobic planar adenine
base and the square-planar platinum complex cations would
reduce the tendency for the complex cations to stack with each
other to form a helical self-assembly, resulting in the reduced
chirality induced and the observation of emission from the
mononuclear platinum species. On the other hand, for poly(dT),
which does not have a helical structure and has little long range
order and very little base stacking interactions between the
thymine bases (28, 29), the relatively more hydrophilic structure
together with the bulky methyl group of thymine would greatly
reduce its hydrophobic interactions with the complex cations,
thus favouring the self-assembly of the metal complexes to form
helical assembly.
As mentioned earlier, when complexes 1 and 2 are mixed with
poly(dC)25 and poly(dG)25, new UV-vis and emission bands of
moderate intensity are observed (Fig. 2). The results clearly
indicate that upon binding to the oligonucleotides, the metal
complexes self-assemble through metalmetal and  stack-
ing interactions, although to a lesser extent than that of the
binding to poly(dT)25. Although UV-vis and emission studies of
the complexes mixed with poly(dC)25 and poly(dG)25 show
similar extent of self-assembly, the CD experiments show quite
dramatic difference.With poly(dC)25, a CD spectrum in line with
the helical assembly of the metal complex is observed for
complex 1, with opposite handedness to its self-assembly with
poly(dT)25, whereas for complex 2, very small CD changes are
observed, indicating no induced chirality and hence helicity of
the complex self-assembly. Although poly(dC) is known to adopt
a helical conformation under basic conditions (30), under acidic
conditions, poly(dC) forms the very unique i-motif structure, as
a result of the C™C (cytosine™protonated cytosine) base pairing
[see supporting information (SI) Fig. 8 Left] (31–34). At pH 5.0,
our results show improved self-assembly of complex 1 when
mixed with poly(dC)25, as revealed by the enhancement of the
MMLCT bands in both theUV-vis and the emission spectra (Fig.
5 Upper). However, the CD spectrum induced by metal complex
binding is found to be quite different from the helical assembly
obtained previously, and also different from the CD signatures
of the i-motif structure (Fig. 5 Lower), that is initially formed
before metal complex binding. The very compact i-motif struc-
ture appears to facilitate the self-assembly of the complex
cations, albeit different from the helical assembly as revealed by
the CD.
With poly(dG)25, no chirality is induced in either complex 1 or
complex 2. A CD signature of the parallel G-quadruplex struc-
ture is observed in the CD spectra with poly(dG)25 (Fig. 3IV) (22,
35–39). The results suggest that the existence of poly(dG)25 as
the G-quadruplex structure, stabilized via hydrogen bonding
interactions among four guanine bases (SI Fig. 8 Right), does not
favor the formation of helical structures in the complex self-
assembly process although aggregation via binding of the metal
complexes to poly(dG)25 does occur, as revealed by UV-vis and
emission spectral changes. Throughout the current investigation,
it is interesting to note that the more hydrophobic complex 2
usually gives weaker self-associated aggregates and lower degree
of helical character in the organized assembly, presumably as a
result of the stronger hydrophobic interactions with the nucleic
acid bases. For poly(dC)25, the different hydrophobic properties
of these two complexes give the most dramatic difference, with
the self-assembly of complex 1 giving a helical array, whereas
that of complex 2 does not.
The oligonucleotide induced self-assembly of the metal com-
plex is found to be chain length dependent. With a fixed molar
ratio of complex 1 to nucleic acid base of 1:3, for poly(dT)5,
which contains only five monomer nucleotide units, UV-vis and
emission studies show only very small intensity changes, indi-
cating that the self-assembly is quite weak. For poly(dT)10,
UV-vis and emission studies indicate significant complex self-
assembly, whereas for poly(dT)15, the spectroscopic changes are
Fig. 5. Complex binding to i-motif. (Upper) UV-vis absorption and emission
spectra of 90 M of poly(dC)25 plus 30 M of complex 1. (Lower) The corre-
sponding CD spectra of poly(dC)25 (line a), and its bindingwith complex 1 (line
b). Medium used was 5 mM HOAc-NaOAc, 10 mM NaCl, pH 5.0.






comparable to those with poly(dT)25, indicating strong complex
helical self-assembly. We also tested poly(dT)20 and poly(dT)50,
and both give results similar to poly(dT)25.
The effect of addition of an organic solvent to the complex
self-assembly properties is also studied, because it is well known
that addition of an organic solvent could reduce the hydrophobic
interactions in an aqueous medium (40, 41), and in this case
reduce the interactions with the oligo that compete with the
formation of complex self-assembly. In the binding studies of
complex 1 with poly(dA)25, addition of 20% CH3CN completely
eliminates the complex monomer emission, and the UV-vis and
emission spectral changes also indicate rather good self-assembly
of the complex (Fig. 6). The results show that the increase in
organic solvent content reduces the  hydrophobic stacking
interactions between the metal complex and the nucleic acid
base that give rise to complex monomer emission. However,
weaker CD signals are observed, indicating a reduced helicity
under such conditions. Addition of 20% trif luoroethanol (TFE)
also gives similar results. With poly(dT)25, in the presence of 20%
TFE, complex 1 gives nicely defined helical assembly, as revealed
from the UV-vis, emission and CD measurements, albeit a bit
less strongly than in aqueous buffer.
An oligonucleotide sequence containing all four bases was
randomly selected. The sequence is CAT TAC TGG ATC TAT
CAA CAG GAG (a standard vector primer). In pure buffer, its
mixture with complex 1 shows only weakly induced self-assembly
of the complex, presumably due to the hydrophobic interactions
between the nucleic acid bases and the complex cation, and
possibly some ill-defined secondary structures of the oligonu-
cleotide. However, when 20% TFE was added, both the UV-vis
and emission spectra indicate good self-assembly of the metal
complex, and a strong CD signal, indicative of an assembly that
is strongly helical in nature, is observed (SI Fig. 9).
Based on the observation of different trends with the four
different nucleobases, it seems that the subtle competition
between the hydrophobic  stacking interactions with DNA and
the metal–metal interaction assisted self-assembly of the plati-
num(II) complexes plays an important role in governing the
delicate balance between them.
We have also extended our studies to double-stranded DNA.
Preliminary studies show that upon addition of 30 M of
complex 1 to a poly(dA)25–poly(dT)25 duplex, prepared by
mixing equal amounts (45 M base concentration) of the
respective poly(dA)25 and poly(dT)25, both the UV-vis and
emission spectra show pronounced MMLCT bands, and changes
in the CD signal typical of the complex helical assembly are also
observed. With an increasing amount of the duplex DNA, the
MMLCT absorption band gradually disappears, and a new band
at 425 nm emerges in the UV-vis spectra (Fig. 7 Left). Concom-
itant with the UV-vis spectral changes, the emission band at
800 nm gradually disappears, and a new strong emission band
at 557 nm emerges (Fig. 7 Right). In addition, at high duplex
concentration [270 M poly(dA)25 plus 270 M poly(dT)25, base
concentration], addition of 30Mof complex 1 causes very small
CD spectral changes. Because the square planar platinum ter-
pyridyl type complexes are well known duplex DNA intercalators
(11–13), the results suggest that, at low duplex concentrations,
most of the complexes are bound to the anionic phosphate
groups on the DNA via electrostatic interactions, leading to a
helical self-assembly, whereas at high concentrations of the
duplex DNA, the majority of the complexes would intercalate
into the duplex, and therefore self-assembly of the complexes is
not observed (11–13, 16). The shift of the absorption and
emission bands to a shorter wavelength of 425 and 557 nm,
respectively, strongly indicates that the complex cations are in a
very different environment, presumably stacked between the
nucleotide base pairs in an intercalative manner.
Summary and Prospects
A general label-free method for optical sensing and character-
ization of single-stranded nucleic acid has been demonstrated.
We show that binding of the alkynylplatinum(II) terpyridyl
complexes to single-stranded nucleic acid via electrostatic inter-
actions induces aggregation of the complex molecules. The
planar complex molecules subsequently form self-assembly via
metalmetal and  interactions. As a result, remarkable
UV-vis, emission, and CD spectral changes are observed.
The results clearly show that the spectroscopic property changes
are associated with the primary and secondary structures of the
nucleic acid. In some cases the complex self-assemblies are strongly
helical, and in others they are not. The degree of the complex
self-assembly, i.e., the intensity of the MMLCT absorption,
MMLCT triplet emission, and also the degree of the CD signal
induced of the complex self-assembly, are different depending on
the particular nucleic acid studied.
The formation of new UV-vis and emission bands also sug-
gests better detection contrast and sensitivity. More importantly,
the strong spectroscopic property changes, especially the CD
spectral changes, indicate that the present method could possibly
be used to study the secondary structure and structure/
conformation changes of the nucleic acid. It is possible that the
spectroscopic properties could be finely tuned by the selection of
other suitable metals that are capable of metalmetal interac-
tions, and other coordinating ligands of various properties, and
a detailed understanding of the complex assemblies (e.g., the
length of the assembly, dimer, trimer, or possibly longer oli-
Fig. 6. UV-vis absorption (Left) and emission (Right) spectra of 30 M of
complex1 (line a), and its binding to90Mofpoly(dA)25 (lineb).Mediumused
was 80%aqueous buffer (5mMTrisHCl/10mMNaCl, pH 7.5) plus 20%CH3CN.
Fig. 7. UV-vis absorption (Left) and emission (Right) spectra of 30 M of
complex 1 binding to 45 M of poly(dA)25 plus 45 M of poly(dT)25 (line a); 90
M of poly(dA)25 plus 90 M of poly(dT)25 (line b); 180 M of poly(dA)25 plus
180 M of poly(dT)25 (line c); and 270 M of poly(dA)25 plus 270 M of
poly(dT)25 (line d). Medium used was 5 mM TrisHCl/10 mM NaCl, pH 7.5.
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gomers, etc.). We envisage that the present approach may
facilitate nucleic acid-related biological research.
Materials and Methods
General Details. Oligonucleotides were obtained from Sigma-
Proligo (St. Louis, MO). Throughout the current investigation,
nucleic acid concentration was expressed as the total concen-
tration of the nucleic acid base; unless otherwise specified, a
buffer solution containing 5 mM TrisHCl and 10 mM NaCl (pH
7.5) at ambient temperature was used. Poly(L-glutamic acid),
poly(D-glutamic acid), and poly(L-aspartic acid) in their sodium
salt form were purchased from Sigma.
UV-vis absorption spectra were recorded on a Cary 50
spectrophotometer (Varian, Palo Alto, CA) equipped with a
xenon flash lamp. Steady-state excitation and emission spectra
were obtained by using a Spex Fluorolog-2 Model F111 spec-
trofluorometer. The emission spectra were collected at an
excitation wavelength of 430 nm and were not corrected for PMT
response. Microquartz cuvettes with 10-mm path length and
2-mm window width were used for UV-vis and emission mea-
surements. CD measurements were performed on a Jasco
(Tokyo, Japan) 720 spectropolarimeter using a cylindrical quartz
CD cell with 1-mm path length. Details of instrumentation are
given in SI Text.
Metal Complex Synthesis. Complex 1 was synthesized by modifi-
cation of a literature procedure for complex 2 (20). The details
of the synthesis and characterization are given in SI Text and SI
Scheme 1.
V.W.-W.Y. acknowledges support from the University Development
Fund of the University of Hong Kong, the University of Hong Kong
Foundation for Educational Development and Research Limited, and
the University Grant Committee Area of Excellence (AoE) Scheme
(AoE/P-10/01). This work has been supported by a Central Allocation
Vote (CAV) Grant (Project HKU 2/05C) from the Research Grants
Council of Hong Kong Special Administrative Region, People’s Repub-
lic of China.
1. Bloomfield VA, Crothers DM, Tinoco I, Jr (2000) Nucleic Acids: Structures,
Properties, and Functions (University Science, Sausalito, CA).
2. Blackburn GM, Gait MJ, eds (1996) Nucleic Acids in Chemistry and Biology
(Oxford Univ Press, Oxford).
3. Miller JS, ed (1982) Extended Linear Chain Compounds (Plenum, New York),
Vol 1.
4. Houlding VH, Miskowski VM (1991) Coord Chem Rev 111:145–152.
5. Yip HK, Cheng LK, Cheung KK, Che CM (1993) J Chem Soc Dalton Trans
2933–2938.
6. Herber RH, Croft M, Coyer MJ, Bilash B, Sahiner A (1994) Inorg Chem
33:2422–2426.
7. Bailey JA, Hill MG, Marsh RE, Miskowski VM, Schaefer WP, Gray HB (1995)
Inorg Chem 34:4591–4599.
8. Hill MG, Bailey JA, Miskowski VM, Gray HB (1996) Inorg Chem 35:4585–
4590.
9. Connick WB, Henling LM, Marsh RE, Gray HB (1996) Inorg Chem 35:6261–
6265.
10. Connick WB, Marsh RE, Schaefer WP, Gray HB (1997) Inorg Chem 36:913–922.
11. Jennette KW, Lippard SJ, Vassiliades GA, Bauer WR (1974) Proc Natl Acad
Sci USA 71:3839–3843.
12. Jennette KW, Gill JT, Sadownick JA, Lippard SJ (1976) J Am Chem Soc
98:6159–6168.
13. Lippard SJ (1978) Acc Chem Res 11:211–217.
14. Hollis LS, Lippard SJ (1983) J Am Chem Soc 105:3494–3503.
15. O’Halloran TV, Roberts MM, Lippard SJ (1984) J Am Chem Soc 106:6427–
6428.
16. Arena G, Scolaro LM, Pasternack RF, Romeo R (1995) Inorg Chem 34:2994–
3002.
17. Yam VW-W, Tang RP-L, Wong KM-C, Cheung KK (2001) Organometallics
20:4476–4482.
18. Yam VW-W, Wong KM-C, Zhu N (2003) Angew Chem Int Ed 42:1400–1403.
19. Yam VW-W, Wong KM-C, Zhu N (2002) J Am Chem Soc 124:6506–6507.
20. Yam VW-W, Chan KH-Y, Wong KM-C, Zhu N (2005) Chem Eur J 11:4535–
4543.
21. Yu C, Wong KM-C, Chan KH-Y, Yam VW-W (2005) Angew Chem Int Ed
44:791–794.
22. Berova N, Nakanishi K, Woody RW, eds (2000) Circular Dichroism: Principles
and Applications (Wiley, New York), 2nd Ed.
23. Fasman GD, ed (1996) Circular Dichroism and the Conformational Analysis of
Biomolecules (Plenum, New York).
24. Saenger W, ed (1990) Numerical Data and Functional Relationships in Science
and Technology (Springer, Berlin).
25. Olsthoorn CSM, Bostelaar LJ, De Rooij JFM, Van Boom JH, Altona C (1981)
Eur J Biochem 115:309–321.
26. Moore JS, Gorman CB, Grubbs RH (1991) J Am Chem Soc 113:1704–1712.
27. Hannah KC, Armitage BA (2004) Acc Chem Res 37:845–853.
28. Mills JB, Vacano E, Hagerman PJ (1999) J Mol Biol 285:245–257.
29. Goddard NL, Bonnet G, Krichevsky O, Libchaber A (2000) Phys Rev Lett
85:2400–2403.
30. Adler A, Grossman L, Fasman GD (1967) Proc Natl Acad Sci USA 57:423–430.
31. Gehring K, Leroy JL, Gue´ron M (1993) Nature 363:561–565.
32. Gue´ron M, Leroy JL (2000) Curr Opin Struct Biol 10:326–331.
33. Leroy JL, Gehring K, Kettani A, Gue´ron M (1993) Biochemistry 32:6019–6031.
34. Manzini G, Yathindra N, Xodo LE (1994) Nucleic Acids Res 22:4634–4640.
35. Kang CH, Zhang X, Ratliff R, Moyzis R, Rich A (1992) Nature 356:126–131.
36. Laughlan G, Murchie AIH, Norman DG, Moore MH, Moody PCE, Lilley
DMJ, Luisi B (1994) Science 265:520–524.
37. Sen D, Gilbert W (1990) Nature 344:410–414.
38. Williamson JR, Raghuraman MK, Cech TR (1989) Cell 59:871–880.
39. Han FX, Wheelhouse RT, Hurley LH (1999) J Am Chem Soc 121:3561–3570.
40. Adler AJ, Grossman L, Fasman GD (1969) Biochemistry 8:3846–3859.
41. Pettegrew JW, Miles DW, Eyring H (1977) Proc Natl Acad Sci USA 74:1785–
1788.
Yu et al. PNAS  December 26, 2006  vol. 103  no. 52  19657
CH
EM
IS
TR
Y
